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Expected              
Cross-Sections

7

Fermilab Tevatron: 2 TeV

LHC: 10 TeV (2008) to
         14 TeV (2009+)

LHC at 1E33 luminosity:
  150 Hz W
    50 Hz Z
      1 Hz tT

In 10/pb of luminosity (2008 startup):
   150k  W!"#

     15k  Z!""
     10k  tT

Event samples are LARGE!

Expected cross sections

σNNLO(W→lν)=10.45 nb

At 7 TeV

roughly x2 at 14 TeV
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Cross-section 
Measurements

PT > 25 GeV lepton

Missing Et > 25 GeV

Expected uncertainty 
(stat+sys , no lumi):

~5% after 50 pb-1

~2.5% after 1 fb-1
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Figure 2: Transverse mass distribution in the W → eν channel, for signal and background after all
selections, for L = 50 pb−1 after all selections except MT cut.

rejection of /ET cut, allowing a realistic estimation of the jet background in the W → eν selection.

In this approach, the signal sample is obtained by applying the same trigger, kinematics and electron
identification selection as described before and removing in addition events with a second high-pT
electromagnetic cluster giving an invariant mass, together with first selected electron, close to the Z
boson mass (65 < Mll < 130 GeV).

The jet background control sample is selected using a single photon trigger with ET > 20 GeV, and
subsequent photon identification using the same calorimetric variables as the electron identification.
The photon cluster should also satisfy the same kinematics cuts of the electron candidate in the signal
sample. There should be no Inner Detector track matching the photon cluster, to reject events with
true electrons (e.g. W events) contaminating this photon sample. Simulation studies show that these
selections provide a sample essentially composed of jet events, even at high values of /ET , and that the
shape of the /ET distribution is identical, within the statistical precision, to that of the jet background in
the W → eν sample (see Fig. 3). Above /ET > 10 GeV, the slope can be described with the convolution
of an exponential and a second degree polynomial function.

After the subtraction of the estimated background to the signal sample, the analysis then proceeds
applying the /ET selection mentioned above. This data-driven estimation yields a jet background
fraction of (0+4−0)%. The uncertainty corresponds to a number of events, δB = 0.92×104 events.
Besides, a relative uncertainty of 3% is assumed on the W → τν background, as estimated from
the experimental uncertainties on the W and τ branching fractions. This process thus contributes
δB = 0.01×104 events.

3.2 Z→ ee

Event selection. This analysis relies on the e10 trigger. Events are further preselected by requiring
two EM clusters with ET > 15 GeV and |η | < 2.4. The presence of two electrons in the final state al-
lows application of the Loose electron identification criteria, which we briefly describe below. Three

STANDARD MODEL – ELECTROWEAK BOSON CROSS-SECTION MEASUREMENTS
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T Emiss
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14 TeV

~factor of 2 less W’s at 7 TeV
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PDFs and 
constraints

Electroweak physics 
most sensitive to low x 
partons at LHC

10-4 to 0.1 for |η| <2.5

PDFs probed by W 
asymmetry at LHC
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W-Asymmetry

Strong Asymmetry 
from production 
mechanism

Very sensitive to 
PDF

either use lepton 
asymmetry or 
reconstruct W

12

transfer squared, is for these types of processes identified as the mass of the resonance,
thus for W production, Q2 is fixed at a value of Q2= M2

W = (80.4 GeV)2 [1].

2.4.2 W Charge Asymmetry

W+ production depends mainly on the u(x) and d̄(x) distributions, while W− pro-
duction however is dependent on the d(x) and ū(x) distributions5. This allows the
construction of a observable that is very sensitive to the difference of u(x) and d(x)
distributions. This observable is the so-called W charge asymmetry. It is defined as:

AW =
dσ(W+)/dyW+ − dσ(W−)/dyW−

dσ(W+)/dyW+ + dσ(W−)/dyW−

(2.10)

AW is very sensitive to the relative shapes of u(x) and d(x) distributions [7]. A
measurement of the W charge asymmetry can therefore be used to constrain PDFs
in the novel kinematic regime of the LHC.

2.4.3 Kinematic Phase Space of the W Charge Asymmetry

For leading order Drell-Yan annihilation processes, the product x1x2 of the annihilat-
ing quarks is restricted according to equation 2.2. Also the ratio x1

x2
(see equation 2.5)

is limited to certain values, allowing the Q2 and x phase space covered by measure-
ments of the W asymmetry to be calculated. Combining these equations gives the
relation between the minimal and maximal values xmin,max of a parton taking part in
W production and the maximal and minimal W rapidity yW , that can be observed in
the detector

xmin =
MW√

s
e−ymax

W (2.11)

xmax =
MW√

s
e+ymin

W (2.12)

The values of xmin and xmax are listed numerically in table 2.2 for three different
rapidities yW and for three different collider centre of mass energies,

√
s = 7 TeV,√

s = 10 TeV and
√

s = 14 TeV. These centre of mass energies represent different
possible scenarios for LHC running. The x-values of the partons participating in
Drell-Yan production of W bosons span from 3×10−4 to 1×10−1 at a collider centre
of mass energy of

√
s = 14 TeV for a rapidity of yW = 3.0, the maximum rapidity

that can be observed at the Atlas detector at the LHC. For a centre of mass energy
of

√
s = 7 TeV, the x-value range increases to xmin = 6 × 10−4 and xmax = 2 × 10−1.

The calculated values for xmin are also shown over the whole yW range accessible
with a multi-purpose detector at the LHC and at the TeVatron in figure 2.5. The
kinematic x phase accessible at the LHC is for

√
s = 14 TeV about an order of

magnitude lower than at the TeVatron and even for
√

s = 7 TeV it is still much lower
than at the TeVatron.

5There are other contributions, some are suppressed by the electroweak couplings of the CKM
matrix [38, 1], e.g. us̄ → W+, others could be larger, e.g. cs̄ → W+, which could be a 20%
contribution [39].
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Fig. 2. Lepton rapidity spectra from W decay with PDF uncertainties: at HERWIG
MC level (top), after the event selection in the ATLAS detector (bottom).

3. Conclusions and outlook

Precision PDF’s are crucial at LHC as they can compromise the poten-
tial for new physics discovery. The SM processes like direct photon, Z, W
and inclusive jet productions are optimal to constrain PDF’s at LHC, in
particular the gluon parameters. These measurements are not limited by
statistics but by systematics and in order to constrain the gluon parameters
to unprecedented precision we must keep the experimental systematics down
to 4%. There are also indications that before the LHC start up in 2007 the
HERA-II measurements will significantly improve our knowledge on PDF’s,
especially in the high-x region which affects the high energy scale of LHC,
where we expect new physics [5].

I am grateful to A. Cooper-Sarkar and the Oxford group for their help
and support and to the ATLAS Speakers Committee for the invitation.
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W mass prospects
Two distributions  
(different 
systematics)
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Figure 2: !2 value as function of the tested value of mW . Each dot represents a comparison between

the data and the template distribution obtained for a given mW . The curve is the fitted parabola.

The different template distributions are obtained by varying the value of theW boson mass parameter

in the event generation. The statistical comparison of the data to the templates can be performed in

various ways; throughout this study we will use a simple binned !2 test. The !2 quantifying the

compatibility of a given template distribution with the data is defined as follows:

!2 ="
i

(nobsi −n
exp
i )2

#2i
(1)

where n
exp
i and nobsi are the number of expected and observed events (in the template distribution and

in the data, respectively) in bin i of the p!
T or m

W
T spectrum, #i is the expected resolution, and the sum

extends over all bins in the fitting window. The Gaussian approximation used above is justified for

large statistics, which is the case we consider here.

After all !2 evaluations, a parabola is fitted through the !2 values as a function of mW . The procedure

is illustrated in Figure 2. With the statistics given in Table 1, each channel provides a statistical preci-

sion of about 2 MeV for data corresponding to an integrated luminosity of 10 fb−1.

2.3 Required inputs

For the above procedure to work in practice, one must predict the p!
T and m

W
T distributions as a func-

tion of the W mass. These distributions are however affected by many effects, which need to be

included correctly in order to avoid biases in the mass fit. The needed inputs are listed below.

• Experimental inputs: the energy scale and resolution need to be known in order to describe the
Jacobian peak correctly (position and spread). Electron and muon reconstruction efficiency effects

also distort the spectra, if this efficiency is pT and $ dependent.
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• Early data analysis focus on 10-20 pb-1 with 
expected statistical precision of 120 MeV
! W transverse mass

! lepton transverse momentum or energy

• Non trivial effects from det. smearing and pQCD
! No analytic approach is possible 
⇒ numerical methods and template fits are used

W mass measurement

14

pared to the accuracy of the missing transverse energy determination, which has a resolution of about
20-30% [9]. Finally, the W transverse mass combines the two momenta along with the azimuthal
angle between them.

All of the above distributions have a Jacobian peak either at mW /2 (p!
T
and p!

T
) or mW (mWT ), which is

sensitive to theW mass. The sharpness of the peak is affected both by the resolution and the boson
pT . While the lepton pT has a very good resolution, the pT of the boson smears this Jacobian edge.
On the contrary, mW

T
is to first order insensitive to the pT of the boson, but here the edge is smeared

by the poor resolution of the missing transverse energy (see Figure 3). Finally, p!
T
suffers from both

effects, and is therefore the poorest candidate for a fitting variable. Since mW

T
is formed from p!

T
and

p!
T
, it is of course statistically correlated with p!

T
. However, the statistical correlation betweenmW

T
and

p!
T
is only about 30%, and since they have different systematic errors, combining the measurements

based on these observables could improve the sensitivity.
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Figure 3: Fitted distributions of p!
T
(a) and mW

T
(b), showing the Jacobian peak, and the effects of

finite detector resolution (i.e. smearing) and recoil (i.e. pT of theW ). While p!
T
is more sensitive to

the recoil than to the resolution, the converse is true for the mW

T
distribution.

2.4 Fitting theW mass with templates

The lepton transverse momentum and W transverse mass distributions, p!
T
and mW

T
, shown in Fig-

ure 3, are the result of several non trivial effects. For this reason no analytical expression describes
the distributions in detail, and one is forced to use numerical methods. One method for fitting these
distributions is template fitting [10, 11]. Templates of the p!

T
and mW

T
distributions are produced with

varying mW values, and compared to the corresponding distribution observed in data (see Figure 6).
The comparison is based on a binned ! 2 method.

To estimate the impact of a given effect on theW mass determination, templates unaware of the effect
under consideration are produced and subsequently fitted to data, which includes this effect. Assuming
an unbiased fit, when the effect is not included in the data (see Sections 3 and 4), the resulting shift
in fit value measures the systematic error on theW mass from not including the effect. By gradually
changing the size of an effect, the systematic error on theW mass as a function of this effect can be
determined. As most effects are small, the dependencies are approximately linear. They are in general
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Figure 16: (a) Reconstructed mW
T distribution (middle curve) along with templates produced with

theW mass hypothesis 78.792 GeV (left curve) and 82.008 GeV (right curve), before any kinematic
selections. (b) !2 value of fitting templates to the reconstructed distribution as a function of the
template’s (fraction of)W mass hypothesis (compared to the nominal mass). The fit yields 80.421±
0.059 GeV in agreement with the input value of 80.405 GeV.

4.3 Fitting the transverseW mass using the Z events for calibration

The dependence of the m f it
W on the relative recoil scale and resolution uncertainty was determined to

be [15]:
"mW/"#recoil = −200 MeV/%, "mW/"$recoil = −25 MeV/%. (6)

These parameters can again be measured on Z events. To test the portability from theW to the Z of
the mWT fit, we model the missing momentum using the Z events and compare this to the one obtained
from theW events. However, unlike the lepton case, the detector response is not exactly the same for
W and Z events. The difference is caused by the /ET reconstruction algorithm, which in its current
state does not correctly subtract lepton calorimetric signals from the hadronic recoil. This results in a
difference betweenW events where only one lepton is present, and Z events containing two leptons.

To illustrate this point, consider again the parallel and perpendicular axes defined in the previous sec-
tion. The residuals of the recoil momentum components are projected on both axes, and the response
in W and Z events is compared, cf. Figure 17. Along the parallel axis, the average difference be-
tween the residuals is !W−Z = 17± 35 MeV. Along the perpendicular axis, the difference is larger,
!W−Z = 1964±35 MeV. Using a Z-based calibration in the W mass fit is thus expected to be biased;
performing this exercise indeed yields m f it

W = 79.752± 0.062 GeV compared to the input value of
80.405 GeV. The Z based recoil calibration is thus not exploitable at present.

Instead, we assume that the needed improvements to the /ET reconstruction algorithm will be done
in time for the measurement, providing equal response between W and Z events. The statistical
sensitivity based on the Z-based calibration is about 50 MeV for 15 pb−1, serving as a lower bound.
Given the present uncertainties and the performance of similar analysis [16], we assume that the in situ
calibration can be performed with a precision of 1 % with an associated uncertainty %mW = 200 MeV,
according to Equation 6. The effect of pile-up on the missing momentum has not been studied.
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Figure 9.9. Comparison of the scaled electron ET spectra for Z (dots) and W boson (line) events

(left) and χ2 dependence on MW (right) for 1 fb−1 of integrated luminosity.

predicted. The uncertainty related to the missing orders in the perturbative expansion can

be quantified by the dependence of the available NLO prediction on the choice of the

renormalisation and factorisation scales. A conservative figure of 30 MeV/c2 for the mass

uncertainty is deduced. This will become the dominant error at 10 fb−1. Yet the reduction of
this error by extending the calculation one order higher in αS is technically feasible [353].

9.3.4. W → µν

As a complementary method, the transverse mass distribution of W events in the muon

channel is modelled from Z→ µ+µ− events by a kinematic transformation. In the rest frame
of the Z boson, the lepton momenta are scaled such that their invariant mass distribution

represents that of the W boson [352]. After removing one randomly chosen muon to mimic a

neutrino, the whole system is boosted back into the detector frame, thus obtaining a template

for the expected distribution of W events, which depends on the W and Z boson masses

and widths as parameters. By iterating the procedure for different W boson masses, the best

agreement with the observed transverse mass distribution in W events is determined using

a χ2 criterion. In practice, weighting factors take into account unavoidable differences

between theW and Z samples, such as the acceptance for the second lepton, photon radiation,

and differences in η and pT of W and Z bosons. Thus perfect agreement of the distributions

at the nominal W mass and for the simulated detector is ensured, while systematic effects are

studied by introducing distortions of experimental or theoretical origin. The resulting shifts in

the extracted W mass are taken as the related systematic uncertainties.

The dominant systematic error arises from scale and resolution uncertainties in the

missing energy determined from the calorimeters. These can be controlled by using the Z

sample, where the boson pT can be measured from the two charged leptons, as is shown in

Fig. 9.10. The observed differences of 2% on the scale and 5% on the resolution are taken as

the systematic uncertainties.

9.3.5. Expected precision and systematic uncertainties

The expected size of various detector effects for the early detector operation, after the

analysis of an initial integrated luminosity of 1 fb−1, and for a better detector understanding
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• Early data analysis focus on 10-20 pb-1 with 
expected statistical precision of 120 MeV
! W transverse mass

! lepton transverse momentum or energy

• Non trivial effects from det. smearing and pQCD
! No analytic approach is possible 
⇒ numerical methods and template fits are used

W mass measurement
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pared to the accuracy of the missing transverse energy determination, which has a resolution of about
20-30% [9]. Finally, the W transverse mass combines the two momenta along with the azimuthal
angle between them.

All of the above distributions have a Jacobian peak either at mW /2 (p!
T
and p!

T
) or mW (mWT ), which is

sensitive to theW mass. The sharpness of the peak is affected both by the resolution and the boson
pT . While the lepton pT has a very good resolution, the pT of the boson smears this Jacobian edge.
On the contrary, mW

T
is to first order insensitive to the pT of the boson, but here the edge is smeared

by the poor resolution of the missing transverse energy (see Figure 3). Finally, p!
T
suffers from both

effects, and is therefore the poorest candidate for a fitting variable. Since mW

T
is formed from p!

T
and

p!
T
, it is of course statistically correlated with p!

T
. However, the statistical correlation betweenmW

T
and

p!
T
is only about 30%, and since they have different systematic errors, combining the measurements

based on these observables could improve the sensitivity.
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Figure 3: Fitted distributions of p!
T
(a) and mW

T
(b), showing the Jacobian peak, and the effects of

finite detector resolution (i.e. smearing) and recoil (i.e. pT of theW ). While p!
T
is more sensitive to

the recoil than to the resolution, the converse is true for the mW

T
distribution.

2.4 Fitting theW mass with templates

The lepton transverse momentum and W transverse mass distributions, p!
T
and mW

T
, shown in Fig-

ure 3, are the result of several non trivial effects. For this reason no analytical expression describes
the distributions in detail, and one is forced to use numerical methods. One method for fitting these
distributions is template fitting [10, 11]. Templates of the p!

T
and mW

T
distributions are produced with

varying mW values, and compared to the corresponding distribution observed in data (see Figure 6).
The comparison is based on a binned ! 2 method.

To estimate the impact of a given effect on theW mass determination, templates unaware of the effect
under consideration are produced and subsequently fitted to data, which includes this effect. Assuming
an unbiased fit, when the effect is not included in the data (see Sections 3 and 4), the resulting shift
in fit value measures the systematic error on theW mass from not including the effect. By gradually
changing the size of an effect, the systematic error on theW mass as a function of this effect can be
determined. As most effects are small, the dependencies are approximately linear. They are in general
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Figure 16: (a) Reconstructed mW
T distribution (middle curve) along with templates produced with

theW mass hypothesis 78.792 GeV (left curve) and 82.008 GeV (right curve), before any kinematic
selections. (b) !2 value of fitting templates to the reconstructed distribution as a function of the
template’s (fraction of)W mass hypothesis (compared to the nominal mass). The fit yields 80.421±
0.059 GeV in agreement with the input value of 80.405 GeV.

4.3 Fitting the transverseW mass using the Z events for calibration

The dependence of the m f it
W on the relative recoil scale and resolution uncertainty was determined to

be [15]:
"mW/"#recoil = −200 MeV/%, "mW/"$recoil = −25 MeV/%. (6)

These parameters can again be measured on Z events. To test the portability from theW to the Z of
the mWT fit, we model the missing momentum using the Z events and compare this to the one obtained
from theW events. However, unlike the lepton case, the detector response is not exactly the same for
W and Z events. The difference is caused by the /ET reconstruction algorithm, which in its current
state does not correctly subtract lepton calorimetric signals from the hadronic recoil. This results in a
difference betweenW events where only one lepton is present, and Z events containing two leptons.

To illustrate this point, consider again the parallel and perpendicular axes defined in the previous sec-
tion. The residuals of the recoil momentum components are projected on both axes, and the response
in W and Z events is compared, cf. Figure 17. Along the parallel axis, the average difference be-
tween the residuals is !W−Z = 17± 35 MeV. Along the perpendicular axis, the difference is larger,
!W−Z = 1964±35 MeV. Using a Z-based calibration in the W mass fit is thus expected to be biased;
performing this exercise indeed yields m f it

W = 79.752± 0.062 GeV compared to the input value of
80.405 GeV. The Z based recoil calibration is thus not exploitable at present.

Instead, we assume that the needed improvements to the /ET reconstruction algorithm will be done
in time for the measurement, providing equal response between W and Z events. The statistical
sensitivity based on the Z-based calibration is about 50 MeV for 15 pb−1, serving as a lower bound.
Given the present uncertainties and the performance of similar analysis [16], we assume that the in situ
calibration can be performed with a precision of 1 % with an associated uncertainty %mW = 200 MeV,
according to Equation 6. The effect of pile-up on the missing momentum has not been studied.
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Figure 9.9. Comparison of the scaled electron ET spectra for Z (dots) and W boson (line) events

(left) and χ2 dependence on MW (right) for 1 fb−1 of integrated luminosity.

predicted. The uncertainty related to the missing orders in the perturbative expansion can

be quantified by the dependence of the available NLO prediction on the choice of the

renormalisation and factorisation scales. A conservative figure of 30 MeV/c2 for the mass

uncertainty is deduced. This will become the dominant error at 10 fb−1. Yet the reduction of
this error by extending the calculation one order higher in αS is technically feasible [353].

9.3.4. W → µν

As a complementary method, the transverse mass distribution of W events in the muon

channel is modelled from Z→ µ+µ− events by a kinematic transformation. In the rest frame
of the Z boson, the lepton momenta are scaled such that their invariant mass distribution

represents that of the W boson [352]. After removing one randomly chosen muon to mimic a

neutrino, the whole system is boosted back into the detector frame, thus obtaining a template

for the expected distribution of W events, which depends on the W and Z boson masses

and widths as parameters. By iterating the procedure for different W boson masses, the best

agreement with the observed transverse mass distribution in W events is determined using

a χ2 criterion. In practice, weighting factors take into account unavoidable differences

between theW and Z samples, such as the acceptance for the second lepton, photon radiation,

and differences in η and pT of W and Z bosons. Thus perfect agreement of the distributions

at the nominal W mass and for the simulated detector is ensured, while systematic effects are

studied by introducing distortions of experimental or theoretical origin. The resulting shifts in

the extracted W mass are taken as the related systematic uncertainties.

The dominant systematic error arises from scale and resolution uncertainties in the

missing energy determined from the calorimeters. These can be controlled by using the Z

sample, where the boson pT can be measured from the two charged leptons, as is shown in

Fig. 9.10. The observed differences of 2% on the scale and 5% on the resolution are taken as

the systematic uncertainties.

9.3.5. Expected precision and systematic uncertainties

The expected size of various detector effects for the early detector operation, after the

analysis of an initial integrated luminosity of 1 fb−1, and for a better detector understanding
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Muon Performance

J/ψ➝µµ observed

good description of 
inclusive muon 
spectra

Muon combined performance

“LHC and Beyond“ - 08.06.2010 - Heidi Sandaker 21

• Muon reconstruction working well either in 
standalone mode or in combination with Inner 
Detector tracks

• Correspond well with simulated values

• Di-muon invariant mass distribution of 49 signal 
events (28 background)

- Invariant mass: 3.06 ± 0.02 GeV
       ( PDG: 3096.916 ± 0.011 MeV)

- Resolution 0.08 ± 0.02 GeV

Di-muon invariant mass 
distribution for 320!b-1 at 7 TeV

Energy (mu) > 3 GeV

At least one muon 
combined with trackerm(J/!)
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Electron

At least one Loose Electron

Cluster-ET > 20 GeV

|!| < 2.47

Excluding region

1.37 < |!| < 1.52
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Figure 1: Cluster ET (a), as well as η (b) and φ (c) (measured in the second layer of the electromagnetic calorime-
ter) of electron candidates after preselection for data and Monte Carlo candidates broken down into the various

signal and background components. The total number of Monte Carlo candidates is normalised to the number of

observed data candidates. In Figure 1(a), the total QCD background is broken down into its constituents: hadrons

misidentified as electrons, electrons from conversions, and electrons from semi-leptonic decays of heavy quarks.
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Figure 2: Combined pT (a), η (b), and φ (c) of muon candidates after preselection for data and Monte Carlo
candidates broken down into the various signal and background components. The total number of Monte Carlo

candidates is normalised to the number of observed data candidates.

bars only, corresponding to 68.3% confidence intervals. These distributions show reasonable agreement292

in shape between data and Monte Carlo events. More details on the properties of inclusive muons are293

given in Ref. [24].294

Figure 3 shows their transverse missing energy normalised in the same fashion as for Figures 1 and295

2. Within the limited statistics afforded by the muon analysis, the Emiss
T

distribution from the data is well296

reproduced by the Monte Carlo, and an excess of events around the expected signal peak region com-297

pared to the background is already visible at this stage of the selection (and is the reason for the different298

histogramme-stacking order between the electron and the muon channel). The higher-statistics compari-299
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Figure 1: Cluster ET (a), as well as η (b) and φ (c) (measured in the second layer of the electromagnetic calorime-
ter) of electron candidates after preselection for data and Monte Carlo candidates broken down into the various

signal and background components. The total number of Monte Carlo candidates is normalised to the number of

observed data candidates. In Figure 1(a), the total QCD background is broken down into its constituents: hadrons

misidentified as electrons, electrons from conversions, and electrons from semi-leptonic decays of heavy quarks.
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Figure 2: Combined pT (a), η (b), and φ (c) of muon candidates after preselection for data and Monte Carlo
candidates broken down into the various signal and background components. The total number of Monte Carlo

candidates is normalised to the number of observed data candidates.

bars only, corresponding to 68.3% confidence intervals. These distributions show reasonable agreement292

in shape between data and Monte Carlo events. More details on the properties of inclusive muons are293

given in Ref. [24].294

Figure 3 shows their transverse missing energy normalised in the same fashion as for Figures 1 and295

2. Within the limited statistics afforded by the muon analysis, the Emiss
T

distribution from the data is well296

reproduced by the Monte Carlo, and an excess of events around the expected signal peak region com-297

pared to the background is already visible at this stage of the selection (and is the reason for the different298

histogramme-stacking order between the electron and the muon channel). The higher-statistics compari-299
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Figure 1: Cluster ET (a), as well as η (b) and φ (c) (measured in the second layer of the electromagnetic calorime-
ter) of electron candidates after preselection for data and Monte Carlo candidates broken down into the various

signal and background components. The total number of Monte Carlo candidates is normalised to the number of

observed data candidates. In Figure 1(a), the total QCD background is broken down into its constituents: hadrons

misidentified as electrons, electrons from conversions, and electrons from semi-leptonic decays of heavy quarks.
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Figure 2: Combined pT (a), η (b), and φ (c) of muon candidates after preselection for data and Monte Carlo
candidates broken down into the various signal and background components. The total number of Monte Carlo

candidates is normalised to the number of observed data candidates.

bars only, corresponding to 68.3% confidence intervals. These distributions show reasonable agreement292

in shape between data and Monte Carlo events. More details on the properties of inclusive muons are293

given in Ref. [24].294

Figure 3 shows their transverse missing energy normalised in the same fashion as for Figures 1 and295

2. Within the limited statistics afforded by the muon analysis, the Emiss
T

distribution from the data is well296

reproduced by the Monte Carlo, and an excess of events around the expected signal peak region com-297

pared to the background is already visible at this stage of the selection (and is the reason for the different298

histogramme-stacking order between the electron and the muon channel). The higher-statistics compari-299

Good agreement with MC shapes

• MC cross section higher by ~2.2

• Normalized to total data events
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Figure 1: Cluster ET (a), as well as η (b) and φ (c) (measured in the second layer of the electromagnetic calorime-
ter) of electron candidates after preselection for data and Monte Carlo candidates broken down into the various

signal and background components. The total number of Monte Carlo candidates is normalised to the number of

observed data candidates. In Figure 1(a), the total QCD background is broken down into its constituents: hadrons

misidentified as electrons, electrons from conversions, and electrons from semi-leptonic decays of heavy quarks.
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Figure 2: Combined pT (a), η (b), and φ (c) of muon candidates after preselection for data and Monte Carlo
candidates broken down into the various signal and background components. The total number of Monte Carlo

candidates is normalised to the number of observed data candidates.

bars only, corresponding to 68.3% confidence intervals. These distributions show reasonable agreement292

in shape between data and Monte Carlo events. More details on the properties of inclusive muons are293

given in Ref. [24].294

Figure 3 shows their transverse missing energy normalised in the same fashion as for Figures 1 and295

2. Within the limited statistics afforded by the muon analysis, the Emiss
T

distribution from the data is well296

reproduced by the Monte Carlo, and an excess of events around the expected signal peak region com-297

pared to the background is already visible at this stage of the selection (and is the reason for the different298

histogramme-stacking order between the electron and the muon channel). The higher-statistics compari-299
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Figure 1: Cluster ET (a), as well as η (b) and φ (c) (measured in the second layer of the electromagnetic calorime-
ter) of electron candidates after preselection for data and Monte Carlo candidates broken down into the various

signal and background components. The total number of Monte Carlo candidates is normalised to the number of

observed data candidates. In Figure 1(a), the total QCD background is broken down into its constituents: hadrons

misidentified as electrons, electrons from conversions, and electrons from semi-leptonic decays of heavy quarks.
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Figure 2: Combined pT (a), η (b), and φ (c) of muon candidates after preselection for data and Monte Carlo
candidates broken down into the various signal and background components. The total number of Monte Carlo

candidates is normalised to the number of observed data candidates.

bars only, corresponding to 68.3% confidence intervals. These distributions show reasonable agreement292

in shape between data and Monte Carlo events. More details on the properties of inclusive muons are293

given in Ref. [24].294

Figure 3 shows their transverse missing energy normalised in the same fashion as for Figures 1 and295

2. Within the limited statistics afforded by the muon analysis, the Emiss
T

distribution from the data is well296

reproduced by the Monte Carlo, and an excess of events around the expected signal peak region com-297

pared to the background is already visible at this stage of the selection (and is the reason for the different298

histogramme-stacking order between the electron and the muon channel). The higher-statistics compari-299
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Figure 1: Cluster ET (a), as well as η (b) and φ (c) (measured in the second layer of the electromagnetic calorime-
ter) of electron candidates after preselection for data and Monte Carlo candidates broken down into the various

signal and background components. The total number of Monte Carlo candidates is normalised to the number of

observed data candidates. In Figure 1(a), the total QCD background is broken down into its constituents: hadrons

misidentified as electrons, electrons from conversions, and electrons from semi-leptonic decays of heavy quarks.
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Figure 2: Combined pT (a), η (b), and φ (c) of muon candidates after preselection for data and Monte Carlo
candidates broken down into the various signal and background components. The total number of Monte Carlo

candidates is normalised to the number of observed data candidates.

bars only, corresponding to 68.3% confidence intervals. These distributions show reasonable agreement292

in shape between data and Monte Carlo events. More details on the properties of inclusive muons are293

given in Ref. [24].294

Figure 3 shows their transverse missing energy normalised in the same fashion as for Figures 1 and295

2. Within the limited statistics afforded by the muon analysis, the Emiss
T

distribution from the data is well296

reproduced by the Monte Carlo, and an excess of events around the expected signal peak region com-297

pared to the background is already visible at this stage of the selection (and is the reason for the different298

histogramme-stacking order between the electron and the muon channel). The higher-statistics compari-299

Good agreement with MC shapes

• MC cross section higher by ~2.2

• Normalized to total data events

 Loose EM Cluster with 
ET > 20 GeV

|η| < 2.47
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Background normalized 
to data (factor of ~2.2)

Preselection dominated 
by multijet production
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Combined muon 

PT > 20 GeV
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At least on combined muon
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|!| < 2.4

Muon Spectrometer PT(MS) > 10 GeV

Reduces decays-in-flight
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|Track z0 - PV Z| < 1 cm
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Figure 1: Cluster ET (a), as well as η (b) and φ (c) (measured in the second layer of the electromagnetic calorime-
ter) of electron candidates after preselection for data and Monte Carlo candidates broken down into the various

signal and background components. The total number of Monte Carlo candidates is normalised to the number of

observed data candidates. In Figure 1(a), the total QCD background is broken down into its constituents: hadrons

misidentified as electrons, electrons from conversions, and electrons from semi-leptonic decays of heavy quarks.
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Figure 2: Combined pT (a), η (b), and φ (c) of muon candidates after preselection for data and Monte Carlo
candidates broken down into the various signal and background components. The total number of Monte Carlo

candidates is normalised to the number of observed data candidates.

bars only, corresponding to 68.3% confidence intervals. These distributions show reasonable agreement292

in shape between data and Monte Carlo events. More details on the properties of inclusive muons are293

given in Ref. [24].294

Figure 3 shows their transverse missing energy normalised in the same fashion as for Figures 1 and295

2. Within the limited statistics afforded by the muon analysis, the Emiss
T

distribution from the data is well296

reproduced by the Monte Carlo, and an excess of events around the expected signal peak region com-297

pared to the background is already visible at this stage of the selection (and is the reason for the different298

histogramme-stacking order between the electron and the muon channel). The higher-statistics compari-299
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Figure 1: Cluster ET (a), as well as η (b) and φ (c) (measured in the second layer of the electromagnetic calorime-
ter) of electron candidates after preselection for data and Monte Carlo candidates broken down into the various

signal and background components. The total number of Monte Carlo candidates is normalised to the number of

observed data candidates. In Figure 1(a), the total QCD background is broken down into its constituents: hadrons

misidentified as electrons, electrons from conversions, and electrons from semi-leptonic decays of heavy quarks.
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Figure 2: Combined pT (a), η (b), and φ (c) of muon candidates after preselection for data and Monte Carlo
candidates broken down into the various signal and background components. The total number of Monte Carlo

candidates is normalised to the number of observed data candidates.

bars only, corresponding to 68.3% confidence intervals. These distributions show reasonable agreement292

in shape between data and Monte Carlo events. More details on the properties of inclusive muons are293

given in Ref. [24].294

Figure 3 shows their transverse missing energy normalised in the same fashion as for Figures 1 and295

2. Within the limited statistics afforded by the muon analysis, the Emiss
T

distribution from the data is well296

reproduced by the Monte Carlo, and an excess of events around the expected signal peak region com-297

pared to the background is already visible at this stage of the selection (and is the reason for the different298

histogramme-stacking order between the electron and the muon channel). The higher-statistics compari-299
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Figure 1: Cluster ET (a), as well as η (b) and φ (c) (measured in the second layer of the electromagnetic calorime-
ter) of electron candidates after preselection for data and Monte Carlo candidates broken down into the various

signal and background components. The total number of Monte Carlo candidates is normalised to the number of

observed data candidates. In Figure 1(a), the total QCD background is broken down into its constituents: hadrons

misidentified as electrons, electrons from conversions, and electrons from semi-leptonic decays of heavy quarks.
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Figure 2: Combined pT (a), η (b), and φ (c) of muon candidates after preselection for data and Monte Carlo
candidates broken down into the various signal and background components. The total number of Monte Carlo

candidates is normalised to the number of observed data candidates.

bars only, corresponding to 68.3% confidence intervals. These distributions show reasonable agreement292

in shape between data and Monte Carlo events. More details on the properties of inclusive muons are293

given in Ref. [24].294

Figure 3 shows their transverse missing energy normalised in the same fashion as for Figures 1 and295

2. Within the limited statistics afforded by the muon analysis, the Emiss
T

distribution from the data is well296

reproduced by the Monte Carlo, and an excess of events around the expected signal peak region com-297

pared to the background is already visible at this stage of the selection (and is the reason for the different298

histogramme-stacking order between the electron and the muon channel). The higher-statistics compari-299

Good agreement with MC shapes

• MC cross section higher by ~1.9

• Normalized to total data events

At least on combined muon

PT > 15 GeV

|!| < 2.4

Muon Spectrometer PT(MS) > 10 GeV

Reduces decays-in-flight

|PT (MS)  - PT (ID)| < 15 GeV

Removes bad track matches

|Track z0 - PV Z| < 1 cm

Removes cosmic events
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Figure 1: Cluster ET (a), as well as η (b) and φ (c) (measured in the second layer of the electromagnetic calorime-
ter) of electron candidates after preselection for data and Monte Carlo candidates broken down into the various

signal and background components. The total number of Monte Carlo candidates is normalised to the number of

observed data candidates. In Figure 1(a), the total QCD background is broken down into its constituents: hadrons

misidentified as electrons, electrons from conversions, and electrons from semi-leptonic decays of heavy quarks.
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Figure 2: Combined pT (a), η (b), and φ (c) of muon candidates after preselection for data and Monte Carlo
candidates broken down into the various signal and background components. The total number of Monte Carlo

candidates is normalised to the number of observed data candidates.

bars only, corresponding to 68.3% confidence intervals. These distributions show reasonable agreement292

in shape between data and Monte Carlo events. More details on the properties of inclusive muons are293

given in Ref. [24].294

Figure 3 shows their transverse missing energy normalised in the same fashion as for Figures 1 and295

2. Within the limited statistics afforded by the muon analysis, the Emiss
T

distribution from the data is well296

reproduced by the Monte Carlo, and an excess of events around the expected signal peak region com-297

pared to the background is already visible at this stage of the selection (and is the reason for the different298

histogramme-stacking order between the electron and the muon channel). The higher-statistics compari-299
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Figure 1: Cluster ET (a), as well as η (b) and φ (c) (measured in the second layer of the electromagnetic calorime-
ter) of electron candidates after preselection for data and Monte Carlo candidates broken down into the various

signal and background components. The total number of Monte Carlo candidates is normalised to the number of

observed data candidates. In Figure 1(a), the total QCD background is broken down into its constituents: hadrons

misidentified as electrons, electrons from conversions, and electrons from semi-leptonic decays of heavy quarks.
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Figure 2: Combined pT (a), η (b), and φ (c) of muon candidates after preselection for data and Monte Carlo
candidates broken down into the various signal and background components. The total number of Monte Carlo

candidates is normalised to the number of observed data candidates.

bars only, corresponding to 68.3% confidence intervals. These distributions show reasonable agreement292

in shape between data and Monte Carlo events. More details on the properties of inclusive muons are293

given in Ref. [24].294

Figure 3 shows their transverse missing energy normalised in the same fashion as for Figures 1 and295

2. Within the limited statistics afforded by the muon analysis, the Emiss
T

distribution from the data is well296

reproduced by the Monte Carlo, and an excess of events around the expected signal peak region com-297

pared to the background is already visible at this stage of the selection (and is the reason for the different298

histogramme-stacking order between the electron and the muon channel). The higher-statistics compari-299
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Figure 1: Cluster ET (a), as well as η (b) and φ (c) (measured in the second layer of the electromagnetic calorime-
ter) of electron candidates after preselection for data and Monte Carlo candidates broken down into the various

signal and background components. The total number of Monte Carlo candidates is normalised to the number of

observed data candidates. In Figure 1(a), the total QCD background is broken down into its constituents: hadrons

misidentified as electrons, electrons from conversions, and electrons from semi-leptonic decays of heavy quarks.
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Figure 2: Combined pT (a), η (b), and φ (c) of muon candidates after preselection for data and Monte Carlo
candidates broken down into the various signal and background components. The total number of Monte Carlo

candidates is normalised to the number of observed data candidates.

bars only, corresponding to 68.3% confidence intervals. These distributions show reasonable agreement292

in shape between data and Monte Carlo events. More details on the properties of inclusive muons are293

given in Ref. [24].294

Figure 3 shows their transverse missing energy normalised in the same fashion as for Figures 1 and295

2. Within the limited statistics afforded by the muon analysis, the Emiss
T

distribution from the data is well296

reproduced by the Monte Carlo, and an excess of events around the expected signal peak region com-297

pared to the background is already visible at this stage of the selection (and is the reason for the different298

histogramme-stacking order between the electron and the muon channel). The higher-statistics compari-299

Good agreement with MC shapes

• MC cross section higher by ~1.9

• Normalized to total data events
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Background 
Estimation electrons

Isolation in cone of    
ΔR =0.3 from MC 
templates for signal and 
background

Fit in both background 
and signal dominated 
region for fraction of 
dijets/W

shows the electron cluster ET and muon combined pT of the lepton candidates while Figure 11 shows

the pT spectrum of theW → !ν candidates. Both channels demonstrate a clearW signal over an almost

negligible background. No attempt is made in this analysis to specifically identify and remove Z bosons

from the W channel.

A few outlier events, with respect to the expected signal region, are observed in the muon channel

and correspond to the events with large W boson transverse momentum in Figure 11. These candidates

have been inspected in detail and are consistent with the presence of a W boson with a well isolated

muon. Different missing energy calibrations and muon-momentum measurements have been attempted

and no evident pathologies have been found.

8 Signal and background expectations for theW → !ν candidates
The Monte Carlo samples discussed in Section 3 are used to provide an expectation for signal events

and, in some cases for the background events. These results are summarised in Table 4. A total of

20.7 events are predicted to come from the W → eν process and 25.9 events from the W → µν process,
with negligible statistical uncertainties. The difference between these two expectations stems primarily

from the lower reconstruction efficiency of “tight” electrons compared to that of combined muons.

For the electron channel, the contribution from theW → τν process is expected to be small (0.4 events).
Instead, a predominantly QCD background is expected (based on the dijet Monte Carlo, the expectation

is evenly divided between heavy-quark decays, conversions, and hadrons faking electrons). Z bosons

decaying to electrons are expected to contribute at the 10% level of the QCD background. A partially

data-driven estimate of the QCD background to the observedW candidate events is made. The calorime-

ter isolation in a cone of ∆R = 0.3 divided by the electron ET (as described in Section 7) is used as a

discriminating variable in a binned maximum likelihood fit which uses Poisson statistics as described in

Ref. [25]. This technique uses the prediction for the shape of the signal and the QCD background for

this variable in the form of histogram templates taken from Monte Carlo samples. The distribution of

this variable after the preselection is shown in Figure 12(a).

Due to the limited statistics and the very few background events, the fit cannot be performed after the

final selection. Therefore only the “medium” instead of the “tight” electron identification requirement

as described in Section 4.1 is applied, while the requirements on Emiss
T

and mT are kept. Also for this

reason, the signal and background templates are obtained from PYTHIA Monte Carlo samples. The fit

result is shown in Fig. 12(b) and provides a background estimate of NQCD, medium = 9.8 ± 5.7 events,
where the uncertainty contains the statistical uncertainty of the data and of the templates. The number

of QCD background events after the final selection is estimated by scaling this number with the jet

rejection factor for the “tight” requirement, with respect to the “medium” requirement extracted from

the data for Emiss
T
< 20 GeV. This number is found to be 4.9 ± 1.0, thus giving a total QCD background

of NQCD, tight = 2.0 ± 1.2(stat). The total background in the W channel is estimated to be this QCD

contribution plus that coming from theW → τν process (0.4 events).
Different sources of systematic uncertainties were investigated. The QCD PYTHIA template was

replaced by one obtained from the HERWIG [26] Monte Carlo. In addition, instead of dropping the

“tight” requirement, the fit was performed on a sample where the “tight” requirement was applied but

the Emiss
T

and mT requirements were dropped. Finally, the number of bins used in the fit was varied in

a large range. The observed variations are all small compared to the uncertainty of the fit which is to a

large extent statistical. Therefore, the number of QCD background events as estimated by this template

method is NQCD = 2.0 ± 1.2(stat) ± 0.4(syst). The predicted number of QCD background events based
on the dijet Monte Carlo given in Table 1 scaled by the factor of 1/2.2 (as described in Section 6) is

0.8 events and so is in good agreement with this measurement.

An alternative estimate of the QCD background has been derived with the following data-driven

15
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Figure 4: Emiss
T

versus calorimeter-isolation parameter for electron candidates (a) and track-isolation param-

eter for muon candidates (b) after preselection plus the “tight” requirement for electrons and muon combined

pT > 20 GeV.

pT are shown in Figure 4 and are plotted against the Emiss
T

of the event. The isolation variable will

be used in the electron analysis to make a data-driven estimate of the background contributions to the

W → eν candidates; therefore, no form of isolation is explicitly applied in the electron-channel selection.
An isolation requirement of

∑
pID
T
/pT < 0.2 is used in the muon analysis given that, after all other

selections are made to identify W candidates, this requirement rejects over 87% of the expected QCD

background while keeping 99% of signal events. All further results shown in this section have passed

the preselection requirements of Section 6, the “tight” requirement for electrons, the muon combined

pT > 20 GeV, and this muon isolation requirement.
Additional kinematic requirements are explored in the last step of the signal selection: the Emiss

T
of

the event and the transverse mass mT of the lepton-E
miss
T

system defined as

mT =

√
2p"

T
pν
T
(1 − cos(φ" − φν)) (5)

where the measured Emiss
T

components in (x, y) provide the neutrino information. All Monte Carlo
one-dimensional distributions shown in this section have been normalised to integrated luminosities of

6.7 nb−1 and 6.4 nb−1, in the electron and muon channels, respectively, using the cross sections as given
in Table 1. In addition, the QCD background contributions have been scaled by factors of 1/2.2 and 1/1.9

in the electron and muon channels, respectively, to account for the over-estimation of the the dijet Monte

Carlo cross section described in Section 6.

Figure 5 shows the Emiss
T

distribution of all electron and muon candidates passing the requirements

listed above. Both distributions indicate that applying a requirement of Emiss
T
> 25 GeV would greatly

enhance the W signal over the expected background. This observation is also evident from the two-

dimensional plot of Emiss
T

versus electron cluster ET and muon combined pT shown in Figure 6. True

W → "ν events in the Monte Carlo are predominantly at high Emiss
T

due to the escaping neutrino in the

event. Although some of the QCD background may also have neutrinos in their final state, these events
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Figure 12: (a) Calorimeter isolation/ET (as described in Section 7) after preselection. The total number of Monte
Carlo candidates is normalised to the number of observed data candidates. (b) Result of the template fit where

the event selection contains all requirements but that of the “tight” electron (these are “medium” electrons). The

Monte Carlo distributions are scaled to the result of the fit.

method. The ratio between the number of electrons passing the “tight” selection and the number of

electrons passing the “loose” but failing the “medium” selection (as described in Section 4.1) is measured

in data for events with Emiss
T
< 10 GeV. The estimated number of QCD events after the signal selection is

then obtained as the number of observed events with one “loose” electron failing “medium” requirements,

which pass the signal selection requirements on Emiss
T

and transverse mass. Several sources of systematic

uncertainties have been considered such as the limited statistics of the Monte Carlo samples, the expected

contamination ofW and Z events in the control regions, and the stability of the accuracy of the estimate

varying each individual component (hadron, conversion, and heavy flavour) in the Monte Carlo sample

by a factor of two. The size of QCD background in the signal candidates selection is estimated to be

1.2 ± 0.5 events and is in agreement with the result of the template method quoted above.
For the muon channel, the total background estimate is 2.8 events, primarily coming from multijets

and Z → µµ decays (36% each of all the background). Other sources of backgrounds are 24% from

W → τν decays, 3% from top production and 1% from Z → ττ decays. Given the high uncertainty
in the Monte Carlo dijet cross section, this source of background has been also measured in data using

the distribution of missing energy versus isolation prior to the transverse mass requirement, as described

below. The isolation distribution for preselected events is shown in Figure 13.

The primary assumption of this method to extract the multijet component of the total background

is that the Emiss
T

and the lepton isolation are uncorrelated. The Emiss
T

versus track-isolation plane is

divided into four separate regions defined by the same Emiss
T

and isolation requirements as for the W

selection (Figure 4(b)). The background contribution to theW signal region is obtained from a similarity

relationship between the contents in the four regions of the Emiss
T
-isolation space. The calculation is

corrected for the contributions from the signal and the electroweak backgrounds described above.

This method yields a jet background estimate of 1.3 ± 1.2 events if no mT requirement is imposed

or 1.0 ± 0.5(stat) ± 0.7(syst) events if mT>40 GeV. The systematic uncertainty in this method is due to

16
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W→μν Event

Muon: 3 Pixel hits, 8 SCT hits, 17 TRT hits, 14 MDT hits, Z~0.1 mm from vertex, 
ID-MS matching within 1 GeV, ET

miss (calorimeter only) ~  3 GeV
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Figure 8: mT of the electron-Emiss
T

system without (a) and with (b) a requirement of Emiss
T
> 25 GeV. In Figure 8(a),

the total QCD background is broken down into its constituents: hadrons misidentified as electrons, electrons from

conversions, and electrons from semi-leptonic decays of heavy quarks.
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Figure 9: mT of the muon-Emiss
T

system without (a) and with (b) a requirement of Emiss
T
> 25 GeV.

combined pT > 20 GeV and muon isolation requirements, EmissT
> 25 GeV and mT > 40 GeV. Figure 10351

shows the electron cluster ET and muon combined pT of the lepton candidates while Figure 11 shows352

the pT spectrum of theW → !ν candidates. Both channels demonstrate a clearW signal over an almost353
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Figure 5: Emiss
T

of selected electron (a) and muon (b) candidates.
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Figure 6: Emiss
T

versus the electron cluster ET (a) and the muon combined pT (b). For the purpose of this figure,

the requirement of the muon combined pT is lowered to 15 GeV.

demonstrated in Figure 7 which shows a two-dimensional plot of the Emiss
T
-mT plane. Figures 8 and 9342

show projections of Figure 7 where the mT of the event is shown without and with a requirement of343

Emiss
T
> 25 GeV.344

Tables 2 and 3 summarise the number ofW → !ν candidates remaining after each major requirement345

pT > 20 GeV

Track based muon isolation

! pT (cone = 0.4)/ pT
" < 0.2

ET
miss > 25 GeV

MT > 40 GeV

12

MC background normalized 

to data measurement
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Figure 7: Emiss
T

versus mT of the lepton-Emiss
T

system for electrons (a) and muons (b).

Requirement Number of

candidates

Triggered (Section 5) 1.2 × 107
Preselection (Section 6) 2.2 × 103
Tight electron (Section 4.1) 77

Emiss
T
> 25 GeV 17

mT > 40 GeV 17

Table 2: Number ofW → eν candidates remaining after each major requirement is applied.

Requirement Number of

candidates

Triggered (Section 5) 2.8 × 105
Preselection (Section 6) 534

pT > 20 GeV 166
∑
pID
T
/pT < 0.2 76

Emiss
T
> 25 GeV 42

mT > 40 GeV 40

Table 3: Number ofW → µν candidates remaining after each major requirement is applied.

in the respective analyses described in this note. A total of 17 candidates (11 e+ and 6 e−) pass all346

requirements in the electron channel and 40 candidates (25 µ+ and 15 µ−) in the muon channel in the mT347

region above 40 GeV.348

The properties of the final W → "ν candidates are presented here. For the final selection, leptonic349

channels use the preselection requirements of Section 6, the “tight” requirement for electrons, the muon350
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Figure 8: mT of the electron-Emiss
T

system without (a) and with (b) a requirement of Emiss
T
> 25 GeV. In Figure 8(a),

the total QCD background is broken down into its constituents: hadrons misidentified as electrons, electrons from

conversions, and electrons from semi-leptonic decays of heavy quarks.
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Figure 9: mT of the muon-Emiss
T

system without (a) and with (b) a requirement of Emiss
T
> 25 GeV.

combined pT > 20 GeV and muon isolation requirements, EmissT
> 25 GeV and mT > 40 GeV. Figure 10351

shows the electron cluster ET and muon combined pT of the lepton candidates while Figure 11 shows352

the pT spectrum of theW → !ν candidates. Both channels demonstrate a clearW signal over an almost353
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Figure 5: Emiss
T

of selected electron (a) and muon (b) candidates.

 [GeV]TE

20 30 40 50 60 70 80 90 100

 [
G

e
V

]
m

is
s

T
E

0

10

20

30

40

50

60

70

80

90

100

=7TeV)sData 2010 (

! e "W 

! # "QCD + W 

Preliminary  ATLAS

 
-1

 L = 6.69 nb$

(a)

 [GeV]
T

p

20 30 40 50 60 70 80 90 100

 [
G

e
V

]
m

is
s

T
E

0

10

20

30

40

50

60

70

80

90

100

 [GeV]
T

p

20 30 40 50 60 70 80 90 100

 [
G

e
V

]
m

is
s

T
E

0

10

20

30

40

50

60

70

80

90

100

 = 7 TeV)sData 2010 (

!µ "W 

Backgrounds

-1
 L = 6.36 nb#Preliminary  ATLAS

(b)

Figure 6: Emiss
T

versus the electron cluster ET (a) and the muon combined pT (b). For the purpose of this figure,

the requirement of the muon combined pT is lowered to 15 GeV.

demonstrated in Figure 7 which shows a two-dimensional plot of the Emiss
T
-mT plane. Figures 8 and 9342

show projections of Figure 7 where the mT of the event is shown without and with a requirement of343

Emiss
T
> 25 GeV.344

Tables 2 and 3 summarise the number ofW → !ν candidates remaining after each major requirement345

pT > 20 GeV

Track based muon isolation

! pT (cone = 0.4)/ pT
" < 0.2

ET
miss > 25 GeV

MT > 40 GeV

12

MC background normalized 

to data measurement
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Figure 7: Emiss
T

versus mT of the lepton-Emiss
T

system for electrons (a) and muons (b).

Requirement Number of

candidates

Triggered (Section 5) 1.2 × 107
Preselection (Section 6) 2.2 × 103
Tight electron (Section 4.1) 77

Emiss
T
> 25 GeV 17

mT > 40 GeV 17

Table 2: Number ofW → eν candidates remaining after each major requirement is applied.

Requirement Number of

candidates

Triggered (Section 5) 2.8 × 105
Preselection (Section 6) 534

pT > 20 GeV 166
∑
pID
T
/pT < 0.2 76

Emiss
T
> 25 GeV 42

mT > 40 GeV 40

Table 3: Number ofW → µν candidates remaining after each major requirement is applied.

in the respective analyses described in this note. A total of 17 candidates (11 e+ and 6 e−) pass all346

requirements in the electron channel and 40 candidates (25 µ+ and 15 µ−) in the muon channel in the mT347

region above 40 GeV.348

The properties of the final W → "ν candidates are presented here. For the final selection, leptonic349

channels use the preselection requirements of Section 6, the “tight” requirement for electrons, the muon350

Muons
Require tight electrons

ET
miss > 25 GeV

MT > 40 GeV
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Figure 5: Emiss
T

of selected electron (a) and muon (b) candidates.
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Figure 6: Emiss
T

versus the electron cluster ET (a) and the muon combined pT (b). For the purpose of this figure,

the requirement of the muon combined pT is lowered to 15 GeV.

demonstrated in Figure 7 which shows a two-dimensional plot of the Emiss
T
-mT plane. Figures 8 and 9342

show projections of Figure 7 where the mT of the event is shown without and with a requirement of343

Emiss
T
> 25 GeV.344

Tables 2 and 3 summarise the number ofW → !ν candidates remaining after each major requirement345
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Figure 8: mT of the electron-Emiss
T

system without (a) and with (b) a requirement of Emiss
T
> 25 GeV. In Figure 8(a),

the total QCD background is broken down into its constituents: hadrons misidentified as electrons, electrons from

conversions, and electrons from semi-leptonic decays of heavy quarks.
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Figure 9: mT of the muon-Emiss
T

system without (a) and with (b) a requirement of Emiss
T
> 25 GeV.

combined pT > 20 GeV and muon isolation requirements, EmissT
> 25 GeV and mT > 40 GeV. Figure 10351

shows the electron cluster ET and muon combined pT of the lepton candidates while Figure 11 shows352

the pT spectrum of theW → !ν candidates. Both channels demonstrate a clearW signal over an almost353
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Figure 7: Emiss
T

versus mT of the lepton-Emiss
T

system for electrons (a) and muons (b).

Requirement Number of

candidates

Triggered (Section 5) 1.2 × 107
Preselection (Section 6) 2.2 × 103
Tight electron (Section 4.1) 77

Emiss
T
> 25 GeV 17

mT > 40 GeV 17

Table 2: Number ofW → eν candidates remaining after each major requirement is applied.

Requirement Number of

candidates

Triggered (Section 5) 2.8 × 105
Preselection (Section 6) 534

pT > 20 GeV 166
∑
pID
T
/pT < 0.2 76

Emiss
T
> 25 GeV 42

mT > 40 GeV 40

Table 3: Number ofW → µν candidates remaining after each major requirement is applied.

in the respective analyses described in this note. A total of 17 candidates (11 e+ and 6 e−) pass all346

requirements in the electron channel and 40 candidates (25 µ+ and 15 µ−) in the muon channel in the mT347

region above 40 GeV.348

The properties of the final W → "ν candidates are presented here. For the final selection, leptonic349

channels use the preselection requirements of Section 6, the “tight” requirement for electrons, the muon350

MC background normalized 

to data measurement

Require tight electrons

ET
miss > 25 GeV

MT > 40 GeV
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Figure 5: Emiss
T

of selected electron (a) and muon (b) candidates.
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Figure 6: Emiss
T

versus the electron cluster ET (a) and the muon combined pT (b). For the purpose of this figure,

the requirement of the muon combined pT is lowered to 15 GeV.

demonstrated in Figure 7 which shows a two-dimensional plot of the Emiss
T
-mT plane. Figures 8 and 9342

show projections of Figure 7 where the mT of the event is shown without and with a requirement of343

Emiss
T
> 25 GeV.344

Tables 2 and 3 summarise the number ofW → !ν candidates remaining after each major requirement345
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Figure 8: mT of the electron-Emiss
T

system without (a) and with (b) a requirement of Emiss
T
> 25 GeV. In Figure 8(a),

the total QCD background is broken down into its constituents: hadrons misidentified as electrons, electrons from

conversions, and electrons from semi-leptonic decays of heavy quarks.
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Figure 9: mT of the muon-Emiss
T

system without (a) and with (b) a requirement of Emiss
T
> 25 GeV.

combined pT > 20 GeV and muon isolation requirements, EmissT
> 25 GeV and mT > 40 GeV. Figure 10351

shows the electron cluster ET and muon combined pT of the lepton candidates while Figure 11 shows352

the pT spectrum of theW → !ν candidates. Both channels demonstrate a clearW signal over an almost353
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Figure 7: Emiss
T

versus mT of the lepton-Emiss
T

system for electrons (a) and muons (b).

Requirement Number of

candidates

Triggered (Section 5) 1.2 × 107
Preselection (Section 6) 2.2 × 103
Tight electron (Section 4.1) 77

Emiss
T
> 25 GeV 17

mT > 40 GeV 17

Table 2: Number ofW → eν candidates remaining after each major requirement is applied.

Requirement Number of

candidates

Triggered (Section 5) 2.8 × 105
Preselection (Section 6) 534

pT > 20 GeV 166
∑
pID
T
/pT < 0.2 76

Emiss
T
> 25 GeV 42

mT > 40 GeV 40

Table 3: Number ofW → µν candidates remaining after each major requirement is applied.

in the respective analyses described in this note. A total of 17 candidates (11 e+ and 6 e−) pass all346

requirements in the electron channel and 40 candidates (25 µ+ and 15 µ−) in the muon channel in the mT347

region above 40 GeV.348

The properties of the final W → "ν candidates are presented here. For the final selection, leptonic349

channels use the preselection requirements of Section 6, the “tight” requirement for electrons, the muon350

MC background normalized 

to data measurement

Electrons

Missing ET > 20 GeV
Transverse Mass > 40 GeV

Observe
17 Electron Events

40 Muon Events

Tighter electron selection
Isolated Muon

Friday, June 25, 2010



W Expectations

Electrons Muons

Signal 20.7±1.7(syst)±4.5(lumi) 25.9±3.6(syst)±5.2 (lumi)

Background
2.0 ±1.2(stat)±0.4(syst)±0.2 

(lumi)
2.8±0.5 (stat)±0.8(syst)±0.6 

(lumi)

Total Expected
22.7±1.2(stat)±1.7(syst)

±4.5(lumi)
28.7±0.5(stat)±3.9 (syst)±5.7 

(lumi)

Observed 17 40

Friday, June 25, 2010



Properties of W 
Candidates

Transverse momentum of the W boson

Small excess of high-pT W bosons in muon channel

8 events with jets

W+ jets events

QCD background
15
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Figure 10: Electron cluster ET (a) and muon combined pT (b) of the W candidates after final selection.

Emiss
T
> 25 GeV and mT > 40 GeV are required in both channels.
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Figure 11: pT of the W candidates in the electron-channel (a) and muon-channel (b) after final

selection.Emiss
T
> 25 GeV and mT > 40 GeV are required in both channels.

negligible background. No attempt is made in this analysis to specifically identify and remove Z bosons354

from the W channel.355

A few outlier events, with respect to the expected signal region, are observed in the muon channel and356
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Figure 10: Electron cluster ET (a) and muon combined pT (b) of the W candidates after final selection.

Emiss
T
> 25 GeV and mT > 40 GeV are required in both channels.
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Figure 11: pT of the W candidates in the electron-channel (a) and muon-channel (b) after final

selection.Emiss
T
> 25 GeV and mT > 40 GeV are required in both channels.

negligible background. No attempt is made in this analysis to specifically identify and remove Z bosons354

from the W channel.355

A few outlier events, with respect to the expected signal region, are observed in the muon channel and356
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New Physics?

Even at 7 TeV 
we begin getting 
sensitivity over 
Tevatron at low 
luminosity

Stay tuned!
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At 14 TeV, 
at 7 TeV cross-sections down by ~4
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Summary

LHC will offer unprecedented number of W’s 
for a variety of studies:

Detector Commissioning

Precision Electroweak Physics

Backgrounds for ‘new’ physics

Just getting started but excellent early results
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